Wnt signaling regulates cell fate decisions and cell proliferation during development and in adult tissues in both invertebrates and vertebrates. Here we describe the identi®cation of Wnt genes, Wnt2a, 4, 5a, 5b, 6 and 11, expressed in mouse embryonic gut development. Each of these genes exhibits a characteristic and regional-speci®c expression pattern along the anterior±posterior axis of the digestive tube between embryonic day (E) 12.5 and 16.5 of embryonic development. The expression of Wnt5a is con®ned to the mesenchymal compartment, while expression of Wnt4 is found both in the intestinal epithelium and the mesenteric anlage. Wnt11 is expressed in the epithelium of esophagus and colon, but also in mesenchymal cells of the stomach. Wnt5b and Wnt6 exhibit restricted expression in the epithelium of the esophagus. A characteristic regionalized expression pattern is observed in the developing stomach. Wnt5a is expressed in the mesenchymal layer of the prospective gland region but becomes restricted to the tip of the gland region by E14.5. Wnt11 is highly expressed at the gastroesophageal junctions, while Wnt4 is found in the epithelium lining the pyloric region of the stomach but not in the epithelium of the prospective gland region. q
Results and discussion
Wnt genes encode a large family of secreted proteins which control numerous developmental processes; Wnt genes are not functionally equivalent and Wnts activate two distinct intracellular signaling pathways, the Wnt/bcatenin pathway and the Wnt/Ca 21 pathway (Cadigan and Nusse, 1997; Moon et al., 1997) . In the Wnt/b-catenin pathway signaling culminates in the nuclear translocation of bcatenin and its association with members of the Lef1/Tcffamily of HMG-box transcription factors, which ultimately leads to the activation of speci®c target genes (Behrens et al., 1996; Molenaar et al., 1996; Huber et al., 1996) . Recently we identi®ed the murine homeobox gene Cdx1 as a direct Wnt target gene and provided evidence that Tcf4/b-catenin regulates the expression of Cdx1 in the embryonic intestine (Lickert et al., 2000) . Little is known about the expression pattern of Wnt genes during gut development, but involvement of Wnts in the speci®cation of the intestinal tract has been proposed (Wells and Melton, 1999) . Here we use a reverse transcriptase±polymerase chain reaction (RT±PCR) strategy based on degenerate oligonucleotide primers to conserved regions (Gavin et al., 1990 ) to amplify and clone cDNA products from intestinal tract mRNA of embryonic day (E) 14.5 embryos. The cDNA clones obtained were randomly picked and sequenced. The result of this sequence analysis is summarized in Table 1 . Over 70% of all cDNA clones encoded Wnt4, probably re¯ecting the strong expression of Wnt4 in the stomach (see below). cDNA clones coding for Wnt6 were also frequently isolated, as well as cDNA clones coding for Wnt2a, 5a, 5b, and 11. Thus, at least six members of the Wnt family are expressed in the intestinal tract of E14.5 embryos. Whole-mount in situ hybridization on isolated E12.5 and 14.5 digestive tubes reveals region-speci®c expression for each Wnt (Fig. 1) . At E12.5, Wnt4, 5a and 11 exhibit speci®c and partially overlapping expression patterns in the stomach: Wnt11 expression is strong in the esophageal-pyloric junction and in part of the fundus region; Wnt5a marks the entire fundus and part of the corpus region; Wnt4 expression is con®ned to the pyloric region of the stomach and is weakly visible in the esophagus. These three Wnt genes are also expressed in the intestine of E12.5 embryos: Wnt5a is strongly expressed in the sphincter region, which separates future small intestine and bowel, and weakly in the duodenum, while the appendix and the most posterior region of the intestine, the future rectum, are negative; Wnt4 and 11 are not or are only weakly expressed in the intestine but exhibit a high expression in the adjacent mesenterium.
In general, the E12.5 expression pattern of each Wnt gene is maintained in the intestinal tract of E14.5 embryos, but some additional expression domains are also observed. For example, Wnt4 becomes expressed in the epithelium of the future rectum, and Wnt11 expression is turned on in the epithelium of the future colon (Fig. 1) . The whole-mount in situ hybridization analyses for Wnt2a, 5b and 6 were not informative except for some weak expression of Wnt5b and 6 in the esophagus at E14.5 (not shown).
To obtain more detailed information about the expression of Wnt genes in speci®c cell types in situ hybridization analyses were performed on paraf®n sections from E12.5± 16.5 digestive tracts (Fig. 2A) . In the stomach, Wnt4 is speci®cally expressed in the pylorus ± but not in the fundus ± epithelium. In addition, there is weak expression of Wnt4 in the epithelium of the esophagus entering the stomach (not shown). Although not fully discernible by whole-mount in situ hybridization, expression of Wnt5b and 6 is seen in the epithelial cell layer of the esophagus (Fig. 2A ). Wnt5a and Wnt11 exhibit different expression patterns along the anterior±posterior (A/P) axis of the intestine. In the stomach Wnt5a expression is con®ned to a rather broad and diffuse staining of the mesenchyme at E12.5, and a more delineated expression in the mesenchyme surrounding the epithelium at E14.5. In the small intestine, Wnt5a labels clumps of mesenchymal cells close to the epithelium at E16.5, including an additional ring of peripheral mesenchymal cells. Along the A/P axis the expression of Wnt11 shifts from epithelial to mesenchymal cells. At E12.5 the epithelium of the future colon is positive for Wnt11, and anteriorly Wnt11 labels some epithelial cells of the esophagus, while in the stomach Wnt11 is expressed in a mesenchymal cell layer underlying the epithelium. The temporospatial expression patterns described here are schematically summarized in Fig. 2B .
In summary, at early stages of digestive tract development Wnt expression correlates with regional speci®cation, while progressively, as cytodifferentiation proceeds, Wnt gene expression becomes further restricted to particular cell types. Remarkably, expression of individual Wnt genes can be detected in mesenchymal or epithelial cells along the whole A/P axis of the digestive tract.
Materials and methods

Ampli®cation and cloning of Wnt genes from E14.5 fetal gastrointestinal mRNA
Total RNA was isolated from E14.5 gastrointestinal systems without pancreas using the Qiagen RNeasy kit according to the manufacturer's instructions. RNA preparations were further puri®ed by one passage over an oligo(dT) column (mRNA Puri®cation kit; Pharmacia Upjohn). Firststrand cDNA was synthesized from 0.5 mg oligo(dT) mRNA using oligo(dT) priming with a Gibco BRL kit (SuperScript Preampli®cation System) in 20 ml volume, as recommended by the manufacturer. PCR reaction was employed to amplify conserved regions within the Wnt sequences using one tenth of the cDNA reaction with the same degenerate oligonucleotides previously used to amplify Wnt-speci®c sequences (Gavin et al., 1990) . Following recovery of the approximately 400 bp PCR product, ampli®ed DNA was digested with EcoRI/XbaI and subcloned in EcoRI/XbaI-cleaved pBSK 1 (Stratagene). Recombinant clones were identi®ed by EcoRI/XbaI digestion of miniprep DNA and positive clones were sequenced with a Perkin±Elmer ABI Prism 310 Genetic Analyzer. a About 100 cDNA clones were randomly picked; 47 of these contained an insert and were sequenced. Thus, the numbers re¯ect the frequencies of cDNA clones encoding individual Wnts. Fig. 1 . Whole-mount in situ hybridization for Wnt4, 5a and 11 on isolated digestive tubes of E12.5 and 14.5 embryos. Weak expression of Wnt5b and 6 was found in the esophagus region at E14.5 (not shown). Other Wnt genes, not isolated by the PCR-based strategy, including Wnt1, 3, 3a, 7a, 7b, 8, 10a and 10b, were all negative in these assays. The black arrowheads mark the mesenterium and the white arrowheads point to the cecum. The intestinal epithelium is indicated by black arrows. The thin line of expression in the stomach and esophagus epithelium is indicated by white arrows, and the green arrows point to the fundus region of the stomach.
Expression analysis
Whole-mount in situ hybridization using digoxigeninlabeled riboprobes transcribed from several Wnt cDNAs was performed as described (Parr et al., 1993; Knecht et al., 1995) . In situ hybridization on sections followed the protocol of Lescher et al. (1998) . 
